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WIRELESS ENERGY TRANSMISSION
APPARATUS AND METHOD, AND WIRELESS
ENERGY RECEPTION APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application claims the benefit under 35 USC 119(a) of
Korean Patent Application No. 10-2012-0041056 filed on
Apr. 19, 2012, in the Korean Intellectual Property Office, the
disclosure of which is incorporated herein by reference in its
entirety for all purposes.

BACKGROUND

1. Field

The following description relates to an apparatus and a
method for transmitting energy wirelessly.

2. Description of Related Art

A number of various types of mobile devices, for example,
smart phones, tablet computers, and laptop computers, has
been increasing. Also, with the development of near-field
communication, for example, wireless local area network
(WLAN) and Bluetooth, a number of systems for implement-
ing and operating a single application in a plurality of mobile
devices, as well as exchanging information between mobile
devices of the same user or a plurality of users, is increasing.
Most systems include mobile devices. Since mobile devices
are currently faced with a limitation of a charging capacity of
a battery, the battery needs to be charged more frequently than
before. As one of the solutions for resolving this issue, wire-
less power transmission has recently been attracting more
attention.

SUMMARY

In one general aspect, a wireless energy transmission appa-
ratus for wirelessly transmitting energy through resonance
between a source resonator and a target resonator includes a
scanning unit configured to scan an amount of energy stored
in the source resonator for a scanning period; and an induced
energy estimating unit configured to calculate a total amount
of energy stored in the source resonator and the target reso-
nator during an off-resonant interval between the source reso-
nator and the target resonator based on the amount of energy
scanned by the scanning unit, and estimate an amount of
energy induced in the target resonator based on the amount of
energy stored in the source resonator and the total amount of
energy calculated.

The resonance between the source resonator and the target
resonator may be mutual resonance between the source reso-
nator and the target resonator.

The scanning period may correspond to a number of
samples and a sample length.

The induced energy estimating unit may include a trans-
mitting end energy calculating unit configured to calculate
the amount of energy stored in the source resonator per
sample unit time for each of the samples based on the amount
of energy scanned; a total energy calculating unit configured
to calculate a greatest amount of energy among the amounts
of energy calculated for each of the samples in the off-reso-
nant interval, and determine the greatest amount of energy to
be a total amount of energy stored in the source resonator and
the target resonator at a predetermined time; and a receiving
end energy estimating unit configured to estimate, for each of
the samples, an amount of energy having a greatest difference
between the total amount of energy calculated by the total
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energy calculating unit and the amount of energy stored in the
source resonator calculated by the transmitting end energy
calculating unit to be the amount of energy induced in the
target resonator.

The apparatus may further include a control unit config-
ured to determine whether the target resonator is present and
receiving energy from the source resonator based on a distri-
bution of the amount of induced energy estimated for each of
the samples by the receiving end energy estimating unit.

The control unit may be further configured to determine
whether a first receiving end switch configured to change a
resonant frequency of the target resonator is active based on
the distribution of the amount of induced energy estimated for
each of the samples by the receiving end energy estimating
unit.

The control unit may be further configured to control
operation of a first transmitting end switch to connect the
source resonator to a power source configured to supply the
source resonator with energy based on the amount of induced
energy estimated for each of the samples by the receiving end
energy estimating unit.

The control unit may include a measuring unit configured
to measure an interval in which a maximum amount of
induced energy estimated for each of the samples by the
receiving end energy estimating unit is maintained when the
first receiving end switch is determined to be active; a first
determining unit configured to determine an operating time of
the first transmitting end switch based on a last sample in the
interval in which the maximum amount of induced energy is
maintained and the sample length; and a second determining
unit configured to determine an operating cycle of the first
transmitting end switch to have a same value as an operating
cycle of the first receiving end switch.

The control unit may be further configured to control the
first transmitting end switch to connect the source resonator
to the power source before the operating time of the first
transmitting end switch determined by the first determining
unit; and control the first transmitting end switch to discon-
nect the source resonator from the power source at the oper-
ating time of the first transmitting end switch.

The control unit may include a first determining unit con-
figured to determine an operating time of the first transmitting
end switch to be an arbitrary sample start time, and an oper-
ating cycle of the first transmitting end switch to be a prede-
termined operating cycle, when the first receiving end switch
is determined to be inactive.

The control unit may further include a second determining
unit configured to determine a time when the amount of
energy scanned by the scanning unit is a minimum to be an
operating time of a second transmitting end switch configured
to change a resonant frequency of the source resonator.

The second determining unit may be further configured to
determine an earliest time the amount of energy scanned is a
minimum to be the operating time of the second transmitting
end switch when there are a plurality of times the amount of
energy scanned is a minimum.

The control unit may be further configured to control the
first transmitting end switch to connect the source resonator
to the power source before the operating time of the first
transmitting end switch determined by the first determining
unit; control the first transmitting end switch to disconnect the
source resonator from the power source at the operating time
of'the first transmitting end switch; control the second trans-
mitting end switch to disconnect the source resonator from an
impedance configured to change the resonant frequency of
the source resonator at the operating time of the first trans-
mitting end switch; and control the second transmitting end
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switch to connect the source resonator to the impedance con-
figured to change the resonant frequency of the source reso-
nator at the operating time of the second transmitting end
switch determined by the second determining unit.

A value obtained by adding an operating cycle of a first
receiving end switch configured to change a resonant fre-
quency of the target resonator to an integer multiple of a
sample unit time may be determined to be the sample length;
and a value obtained by dividing the operating cycle of the
first receiving end switch by the integer multiple of the
sample unit time may be determined to be the number of
samples.

In another general aspect, a wireless energy transmission
apparatus including a source resonator configured to wire-
lessly transmit energy to and receive energy from a target
resonator through resonance between the source resonator
and the target resonator includes a scanning unit configured to
scan an amount of energy stored in the source resonator for a
scanning period; and a control unit configured to change a
resonant frequency of the source resonator at a time when the
amount of energy scanned reaches a predetermined reference
value.

The resonance between the source resonator and the target
resonator may be mutual resonance between the source reso-
nator and the target resonator.

The scanning period may correspond to a number of
samples; the scanning unit may be further configured to scan
the amount of energy stored in the source resonator for each
of'the samples; and the control unit may be further configured
to change a resonant frequency of the source resonator at a
time when the amount of energy scanned for each of the
samples reaches a predetermined reference value.

The control unit may be further configured to change the
resonant frequency of the source resonator at an earliest time
the amount of energy scanned reaches the predetermined
reference value when the amount of energy scanned reaches
the predetermined reference value a plurality of times in one
sample.

In another general aspect, a wireless energy reception
apparatus includes a receiving unit configured to receive
wireless energy from a source resonator through resonance
between the source resonator and a target resonator; and a
control unit configured to determine whether the source reso-
nator is present based on whether the receiving unit receives
the wireless energy, and control operation of a first receiving
end switch and a second receiving end switch by determining
whether an amount of energy stored in a load is less than a
predetermined threshold.

The resonance between the source resonator and the target
resonator may be mutual resonance between the source reso-
nator and the target resonator.

When the amount of energy stored in the load is greater
than the predetermined threshold, the control unit may be
further configured to control, during an off-resonant interval,
the first receiving end switch to connect the target resonator to
an impedance configured to change a resonant frequency of
the target resonator, and control the second receiving end
switch to connect the target resonator to the load; and control,
during a resonant interval, the first receiving end switch to
disconnect the target resonator from the impedance config-
ured to change the resonant frequency of the target resonator,
and control the second receiving end switch to disconnect the
target resonator from the load.

When the amount of energy stored in the load is less than or
equal to the predetermined threshold, the control unit may be
further configured to control the first receiving end switch to
disconnect the target resonator from the impedance config-
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ured to change the resonant frequency of the target resonator,
and control the second receiving end switch to connect the
target resonator to the load.

In another general aspect, a wireless energy transmission
method for wirelessly transmitting energy through resonance
between a source resonator and a target resonator includes
scanning an amount of energy stored in the source resonator
for a scanning period; calculating a total amount of energy
stored in the source resonator and the target resonator during
an off-resonant interval between the source resonator and the
target resonator based on the amount of energy scanned; and
estimating an amount of energy induced in the target resona-
tor based on the amount of energy stored in the source reso-
nator and the total amount of energy calculated.

The resonance between the source resonator and the target
resonator may be mutual resonance between the source reso-
nator and the target resonator.

The scanning period may correspond to a number of
samples and a sample length.

The estimating of the amount of energy may include cal-
culating the amount of energy stored in the source resonator
per sample unit time for each of the samples based on the
amount of energy scanned; calculating a greatest amount of
energy among the amounts of energy calculated for the
samples in the off-resonant interval; determining the greatest
amount of energy to be a total amount of energy stored in the
source resonator and the target resonator at a predetermined
time; and estimating, for each of the samples, an amount of
energy having a greatest difference between the total amount
of energy calculated and the amount of energy stored in the
source resonator to be an amount of energy induced in the
target resonator.

In another general aspect, a wireless energy transmission
apparatus for wirelessly transmitting energy through reso-
nance between a source resonator and a target resonator
includes an induced energy estimating unit configured to
estimate an amount of energy induced in the target resonator
during the resonance between the source resonator and the
target resonator; and a control unit configured to synchronize
an operation of a transmitting end switch configured to con-
nect the source resonator to a power source configured to
supply power to the source resonator with an operation of a
receiving end switch configured to connect the target resona-
tor to a load based on the estimated amount of energy induced
in the target resonator.

The resonance between the source resonator and the target
resonator may be mutual resonance between the source reso-
nator and the target resonator.

The control unit may be further configured to determine an
interval in which the estimated amount of energy induced in
the target resonator is a maximum; determine an operating
time of the transmitting end switch based on an elapsed time
between a start time of the determining of the interval and an
end of the interval; and determine a length of an operating
cycle of the transmitting end switch to be equal to a length of
an operating cycle of the receiving end switch.

The control unit may be further configured to synchronize
the operation of the transmitting end switch with an operation
of a receiving end switch configured to change a resonant
frequency of the target resonator based on the estimated
amount of energy induced in the target resonator.

Other features and aspects will be apparent from the fol-
lowing detailed description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.1 is a diagram illustrating an example of an equivalent
circuit of a wireless energy transmission and reception sys-



US 9,354,259 B2

5

tem in which a power input unit and a power transmitting unit
are physically separated by a capacitor and a switch, and a
receiving unit and a power output unit are physically sepa-
rated by a capacitor and a switch.

FIG. 2 is a diagram illustrating an example of an equivalent
circuit of a wireless energy transmission and reception sys-
tem in which a power charging unit and a transmitting unit are
physically separated by a capacitor and a switch, and a charg-
ing unit and a power output unit are physically separated by a
switch.

FIG. 3 is a diagram illustrating another example of an
equivalent circuit of a wireless energy transmission and
reception system.

FIG. 4 is a block diagram illustrating an example of a
wireless energy transmission apparatus.

FIG. 5 is a block diagram illustrating an example of a
wireless energy reception apparatus.

FIG. 6 is a graph illustrating an example of an amount of
energy measured at a transmitting end and a receiving end of
a wireless energy transmission and reception system.

FIG. 7 is a graph illustrating an example of an amount of
energy stored in a receiving end of a wireless energy trans-
mission and reception system when off-resonance occurs at
the receiving end.

FIGS. 8A and 8B are graphs illustrating an example of a
time when an amount of energy stored in a receiving end of a
wireless energy transmission and reception system is a maxi-
mum during mutual resonance and an amount of energy
stored in a transmitting end at the corresponding time.

FIG. 9 is a graph illustrating an example of a total amount
of energy stored in a transmitting end and a receiving end of
a wireless energy transmission and reception system.

FIGS. 10A and 10B are graphs illustrating an example of
an amount of energy stored in a transmitting end and a receiv-
ing end of a wireless energy transmission and reception sys-
tem by operation of a switch of the receiving end.

FIG. 11 is a graph illustrating an example of an amount of
energy stored in a receiving end of a wireless energy trans-
mission and reception system for a sample duration of energy
transmitted from a transmitting end.

FIGS. 12 through 14 are graphs illustrating an example of
an amount of energy induced in a wireless energy reception
apparatus, estimated at a wireless energy transmission appa-
ratus, for a duration of an arbitrary sample.

FIG. 15 is a graph illustrating an example of an amount of
energy induced in a wireless energy reception apparatus,
estimated at a wireless energy transmission apparatus, per
sample.

FIG. 16 is a graph illustrating an example of an amount of
energy induced in a wireless energy reception apparatus when
a switch of a receiving end of a wireless energy transmission
and reception system is inactive.

FIG. 17 is a graph illustrating an example of an amount of
energy induced in a wireless energy reception apparatus when
mutual resonance fails to occur due to absence of a receiving
end of a wireless energy transmission and reception system.

FIG. 18 is a graph illustrating an example of a change in
energy at a transmitting end of a wireless energy transmission
and reception system when off-resonance occurs due to a
switch of the transmitting end being turned on.

FIG. 19 is a graph illustrating an example of a change in
energy at a receiving end of a wireless energy transmission
and reception system when off-resonance occurs due to a
switch of a transmitting end being turned on.

FIG. 20 is a diagram illustrating another example of an
equivalent circuit of a wireless energy transmission and
reception system.
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FIG. 21 is a flowchart illustrating an example of a wireless
energy transmission method.

FIG. 22 is a flowchart illustrating an example of a wireless
energy reception method.

DETAILED DESCRIPTION

The following detailed description is provided to assist the
reader in gaining a comprehensive understanding of the meth-
ods, apparatuses, and/or systems described herein. However,
various changes, modifications, and equivalents of the meth-
ods, apparatuses, and/or systems described herein will be
apparent to one of ordinary skill in the art. The sequences of
operations described herein are merely examples, and are not
limited to those set forth herein, but may be changed as will be
apparent to one of ordinary skill in the art, with the exception
of operations necessarily occurring in a certain order. Also,
description of functions and constructions that are well
known to one of ordinary skill in the art may be omitted for
increased clarity and conciseness.

Throughout the drawings and the detailed description, the
same reference numerals refer to the same elements. The
drawings may not be to scale, and the relative size, propor-
tions, and depiction of elements in the drawings may be
exaggerated for clarity, illustration, and convenience.

In the following description, the expression “turning on a
switch” refers to closing the switch to connect a first element
to a second element, and the expressing “turning off a switch”
refers to opening the switch to disconnect the first element
from the second element. Thus, the switch is turned on when
it is closed, and is turned off when it is open. Also, when a
switch is described as “active,” this indicates that the switch is
turned on or closed, and when the switch is described as
“inactive,” this indicates that the switch is turned of or open.
The switch may be a mechanical switch or an electronic
switch.

Near-field wireless power transmission and reception are
wireless power transmission and reception that occur when a
distance between a transmitting coil and a receiving coil used
in transmitting and receiving power is sufficiently shorter
than a wavelength at an operating frequency. A wireless
power transmission and reception system using resonance
properties include a source to supply power and a target to
receive power.

A wireless energy transmission and reception system may
be used for controlling an information storage apparatus
without a power source remotely. The wireless energy trans-
mission and reception system may be applied to a system for
wirelessly loading information stored in an information stor-
age apparatus as well as supplying power to operate the
information storage apparatus remotely.

The wireless energy transmission and reception system
store energy from a power supplier in a source resonator for
signal generation, and induce self-resonance of the source
resonator by turning off a switch electrically connecting the
power supplier to the source resonator. When a target reso-
nator having the same resonant frequency as the source reso-
nator is present at a sufficiently short distance to enable
mutual resonance with the source resonator capable of self-
resonance, mutual resonance between the source resonator
and the target resonator will occur.

The source resonator may correspond to a resonator for
receiving energy from the power supplier, and the target reso-
nator may correspond to a resonator to receive energy from
the source resonator by mutual resonance.

FIG.1 is a diagram illustrating an example of an equivalent
circuit of a wireless energy transmission and reception sys-
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tem in which a power input unit and a power transmitting unit
are physically separated by a capacitor and a switch, and a
receiving unit and a power output unit are physically sepa-
rated by a capacitor and a switch. Referring to FIG. 1, the
wireless energy transmission and reception system has a
source-target structure including a source and a target. The
wireless energy transmission and reception system include a
wireless energy transmission apparatus corresponding to the
source and a wireless energy reception apparatus correspond-
ing to the target. An amount of wireless energy corresponds to
a value obtained by integrating an amount of wireless power
for a predetermined period, and accordingly wireless energy
transmission and reception correspond to wireless power
transmission and reception.

The wireless energy transmission apparatus includes a
power input unit 110, a power transmitting unit 120, and a
switch unit 130. Using a power supplier, the power input unit
110 stores an amount of energy in a capacitor C. The switch
unit 130 connects the capacitor C, to the power input unit 110
while an amount of energy is being stored in the capacitor C,,
and connects the capacitor C, to the power transmitting unit
120 while an amount of energy stored in the capacitor C, is
being discharged. The switch unit 130 prevents concurrent
connection of the capacitor C, to the power input unit 110 and
the power transmitting unit 120.

The power transmitting unit 120 transmits an amount of
electromagnetic energy to the receiving unit 140 through
mutual resonance. That is, a transmitting coil L, of the power
transmitting unit 120 transmits an amount of power to a
receiving coil L, of the receiving unit 140 through mutual
resonance. A degree of mutual resonance between the trans-
mitting coil L, and the receiving coil L, is influenced by a
mutual inductance M between the transmitting coil L, and the
receiving coil L,.

The power transmitting unit 120 quantizes and transmits an
amount of energy stored in the capacitor C, per symbol. That
is, the power transmitting unit 120 transmits information with
a varying amount of energy transmitted per symbol. As used
herein, a symbol refers to one bit of information transmitted
between a source and a target. That is, the symbol corre-
sponds to a period in which an amount of energy is charged in
the capacitor C, and discharged once through operation of the
switch unit 130.

The power input unit 110 is modeled as an input voltage
Vpe» aninternal resistance R,,,, and a capacitor C |, the power
transmitting unit 120 is modeled as basic circuit devices R,
L,, and C, configuring a source resonator, and the switch unit
130 is modeled as at least one switch. The switch may
include, for example, a passive device performing on and off
functions. R, corresponds to a resistance component of the
source resonator, L, corresponds to an inductor component of
the source resonator, and C, corresponds to a capacitor com-
ponent of the source resonator. A voltage applied to the
capacitor C, is indicated as V.

The wireless energy reception apparatus includes a receiv-
ing unit 140, a power output unit 150, and a switch unit 160.
The receiving unit 140 receives an amount of electromagnetic
energy from the power transmitting unit 120. The receiving
unit 140 stores the received amount of electromagnetic
energy in a capacitor C,. The switch unit 160 connects the
capacitor C, to the receiving unit 140 while an amount of
energy is being stored in the capacitor C,, and connects the
capacitor C, to the power output unit 150 while an amount of
energy stored in the capacitor C, is being transmitted to a
load. The load includes, for example, a battery. The switch
unit 160 prevents concurrent connection of the capacitor C, to
the receiving unit 140 and the power output unit 150.
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That is, a receiving coil L, of the receiving unit 140
receives an amount of power from a transmitting coil L, ofthe
power transmitting unit 120 through mutual resonance
between the transmitting coil L., and the receiving coil L,. The
capacitor C, connected to the receiving coil L, is charged with
the received amount of power. The power output unit 150
transmits the amount of power charged in the capacitor C, to
a battery. Alternatively, the power output unit 150 may trans-
mit an amount of power to a target device requiring a load or
power instead of to the battery.

The receiving unit 140 receives an amount of energy from
the power transmitting unit 120 per symbol, and demodulates
information transmitted from the source based on the
received amount of energy.

The receiving unit 140 is modeled as basic circuit devices
R,, L,, and C, configuring a target resonator, the power out-
put unit 150 is modeled as a capacitor C, and a battery, and the
switch unit 160 is modeled as at least one switch. A voltage
applied to the capacitor C, is denoted as V..

The wireless energy transmission and reception system in
which the power input unit 110 is physically separated from
the power transmitting unit 120, and the receiving unit 140 is
physically separated from the power output unit 150, is
known as a resonator isolation (RI) system, and has many
advantages when compared to a conventional system using
impedance matching. First, since power is supplied directly
from a direct current (DC) power source to a source resonator,
the need for a power amplifier may be eliminated. Secondly,
since energy is captured from power charged in a capacitor C,
of'a receiver, the need for rectification through a rectifier may
be eliminated. Thirdly, with the need for impedance matching
being eliminated, an energy transmission efficiency is not
affected by changes in a distance between a transmitter and a
receiver. Also, expansion may be easily implemented from a
wireless energy transmission and reception system including
a single transmitter and a single receiver to a wireless energy
transmission and reception system including a plurality of
transmitters and a plurality of receivers.

FIG. 2 is a diagram illustrating an example of an equivalent
circuit of a wireless energy transmission and reception sys-
tem in which a power charging unit and a transmitting unit are
physically separated by a switch, and a charging unit and a
power output unit are physically separated by a switch. Refer-
ring to FIG. 2, the wireless energy transmission and reception
system has a source-target structure including a source and a
target. That is, the wireless energy transmission and reception
system includes a wireless energy transmission apparatus
corresponding to the source and a wireless energy reception
apparatus corresponding to the target.

The wireless energy transmission and reception system
includes a power charging unit 210, a control unit 220, and a
transmitting unit 230. The power charging unit 210 includes
a power supplier V,,, and a resistance R,,,. A source resonator
operating as the transmitting unit 230 includes a capacitor C,
and an inductor L. The transmitting unit 230 transmits an
amount of energy stored in the source resonator to a target
resonator through mutual resonance between the source reso-
nator and the target resonator. The control unit 220 turns on a
switch to supply power from the power charging unit 210 to
the source resonator. A voltage is applied from the power
supplier V,,, to the capacitor C,; and an electric current is
applied to the inductor L., . When the source resonator reaches
a steady state due to the voltage applied from the power
supplier V,,, the voltage applied to the capacitor C, is ‘0’ and
the electric current flowing through the inductor L., has a
value of V,, /R,,. In the steady state, the inductor L., is charged
with power through the applied electric current.
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When power charged in the source resonator reaches a
predetermined value in the steady state, the control unit 220
turns off the switch. Information about the predetermined
value may be set by the control unit 220. The power charging
unit 210 and the transmitting unit 230 are separated when the
control unit 220 turns off the switch. When the power charg-
ing unit 210 and the transmitting unit 230 are separated,
self-resonance occurs between the capacitor C; and the
inductor L, of the source resonator. The amount of energy
stored in the source resonator is transmitted to the target
resonator through mutual resonance between the source reso-
nator and the target resonator in consideration of a mutual
inductance M 270 between the source resonator and the target
resonator. A resonant frequency f, of the source resonator and
aresonant frequency f, of the target resonator are respectively
expressed by the following Equations 1 and 2, and are equal
to each other as expressed by the following Equation 3.

oL M
' VLG
1 (2)
= ——
2wV Cs
h=5h (3)

Although Equation 3 above indicates that the resonant
frequency 1] of the source resonator and a resonant frequency
f, of the target resonator are equal to each other, energy stored
in the source resonator may still be transmitted to the target
resonator even if the resonant frequency f; of the source
resonator and a resonant frequency f, of the target resonator
are not equal to each other, but the energy transmission effi-
ciency may be less than when the resonant frequency f; of the
source resonator and a resonant frequency f, of the target
resonator are equal to each other.

The transmitting unit 230 quantizes and transmits an
amount of energy stored in the source resonator per symbol.
That is, the power transmitting unit 230 transmits information
with an amount of energy transmitted varying per symbol.
The symbol corresponds to a period in which an amount of
energy is charged in the capacitor C, and the inductor L, and
discharged once through operation of the switch unit 220.

The wireless energy reception apparatus includes a charg-
ing unit 240, a control unit 250, and a power output unit 260.
The target resonator operating as the charging unit 240
includes a capacitor C, and an inductor L,. When mutual
resonance occurs between the source resonator and the target
resonator, the source resonator is separated from the power
supplier V,,, and the target resonator is separated from a load
and a capacitor C; . The capacitor C, and the inductor L, of the
target resonator are charged through the mutual resonance.
The control unit 250 turns off a switch to charge the target
resonator with power. While the switch is turned off, mutual
resonance occurs between the target resonator and the source
resonator because the target resonator and the source resona-
tor have the same resonant frequency as expressed by Equa-
tion 3 above. When an amount of power charged in the target
resonator reaches a predetermined value, the control unit 250
turns on the switch. Information about the predetermined
value may be set by the control unit 250. When the control
unit 250 turns on the switch, the capacitor C; is connected to
the charging unit 240, thereby changing the resonant fre-
quency of the target resonator to a changed resonant fre-
quency t,' expressed by the following Equation 4.
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= 22VIa(Cs + Cp)

Since the changed resonant frequency f,' of the target reso-
nator is no longer equal to the resonant frequency f; of the
source resonator, mutual resonance between the source reso-
nator and the target resonator stops. That is, when f,' is suf-
ficiently smaller than f, in consideration of Q of the target
resonator, a mutual resonance channel between the source
resonator and the target resonator is interrupted. Also, when
the control unit 250 turns on the switch, the power output unit
260 transmits an amount of power charged in the capacitor C,
and the inductor L, to the load.

When an amount of power charged in the target resonator
is less than the predetermined value, the control unit 250 turns
off the switch, mutual resonance between the source resona-
tor and the target resonator reoccurs, and the charging unit
240 recharges the target resonator with an amount of power
through the mutual resonance between the source resonator
and the target resonator.

The charging unit 240 receives an amount of energy from
the transmitting unit 230 per symbol, and demodulates infor-
mation transmitted from the source based on the received
amount of energy.

When mutual resonance occurs between the source reso-
nator and the target resonator, a connection between the
charging unit 240 and the power output unit 260 through the
switch is interrupted because the control unit 250 opens the
switch. Accordingly, a reduction in an energy transmission
efficiency caused by connection through the switch is pre-
vented.

The controlling of the time of capturing energy stored in
the target resonator according to FIG. 2 is easier than trans-
mitting energy charged in the capacitor according to FIG. 1.
The transmission of energy charged in the capacitor accord-
ing to FIG. 1 only captures energy charged in the capacitor.
However, capturing energy by changing the resonant fre-
quency according to FI1G. 2 captures energy stored in both the
inductor and the capacitor of the target resonator, thereby
improving freedom in controlling the energy capture time.

FIG. 3 is a diagram illustrating another example of an
equivalent circuit of a wireless energy transmission and
reception system. Referring to FIG. 3, the wireless energy
transmission and reception system has a source-target struc-
ture including a source and a target. That is, the wireless
energy transmission and reception system include a wireless
energy transmission apparatus corresponding to the source
and a wireless energy reception apparatus corresponding to
the target.

An energy transfer process from the wireless energy trans-
mission apparatus to the wireless energy reception apparatus
in an RI system includes the five operations described below.

In a first operation of supplying an amount of energy to the
wireless energy transmission apparatus, when a source reso-
nator 310 is connected to a power source V,,, through SW .,
an amount of energy is supplied to the source resonator 310.

In a second operation of mutual resonance between the
wireless energy transmission apparatus and the wireless
energy reception apparatus, when the source resonator 310 is
disconnected from the power source V,,,, the source resonator
310 transmits energy to and receives energy from a target
resonator 320 during a predetermined cycle through mutual
resonance.

In a third operation of synchronization between the wire-
less energy transmission apparatus and the wireless energy
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reception apparatus, a start time of energy transmission and
reception between the wireless energy transmission appara-
tus and the wireless energy reception apparatus, and cycles of
SW yand SW ., respectively located in the wireless energy
transmission apparatus and the wireless energy reception
apparatus, are estimated.

In a fourth operation of off-resonance between the wireless
energy transmission apparatus and the wireless energy recep-
tion apparatus, when most of the amount of energy has been
transmitted to the wireless energy reception apparatus during
mutual resonance, off-resonance is implemented between the
wireless energy transmission apparatus and the wireless
energy reception apparatus energy to disable energy retrans-
mission from the wireless energy reception apparatus energy
to the wireless energy transmission apparatus. Off-resonance
is implemented by changing the resonant frequency of the
source resonator and/or the target resonator.

In a fifth operation of transmitting an amount of energy
induced in the wireless energy reception apparatus to a load,
the target resonator 320 is connected to the load through
SWj - to transmit an amount of energy induced in the target
resonator 320 to the load.

The wireless energy transmission and reception system of
FIG. 3 includes an additional switch SW,,- in the target
compared to the wireless energy transmission and reception
system of FIG. 2. The switch SWj,, serves to change the
resonant frequency of the target resonator 320, and the switch
SWj - serves to transmit an amount of energy charged in the
target resonator 320 to the load.

Synchronization between SW . and SW,, is needed for
the target resonator 310 to receive energy or data modulated
using energy from the source resonator 310.

When an operating cycle of turning SWy, on and off is
predetermined, the wireless energy transmission apparatus
may determine a turn-off time and an operating cycle of
SW ., by estimating an amount of energy induced in the target
resonator 320 through mutual resonance between the source
resonator 310 and the target resonator 320.

A process of estimating an amount of energy induced in the
target resonator 320 and a process of determining a turn-off
time and an operating cycle of SW - will now be described.

FIG. 4 is a block diagram illustrating an example of a
wireless energy transmission apparatus. Referring to FIG. 4,
the wireless energy transmission apparatus includes a scan-
ning unit 410, an induced energy estimating unit 420, and a
control unit 430. In the following description, the wireless
energy transmission apparatus may be referred to as a trans-
mitting end, and a wireless energy reception apparatus may
be referred to as a receiving end.

The scanning unit 410 scans an amount of energy stored in
a source resonator 401 for a scanning period corresponding to
a predetermined number of samples each having a sample
length. The scanning unit 410 scans an amount of energy
stored in the source resonator 401 while the amount of energy
is being wirelessly transmitted from the source resonator 401
through mutual resonance between the source resonator 401
and a target resonator. The amount of energy stored in the
source resonator 401 by mutual resonance is transmitted from
the source resonator 401 to the target resonator, and may
subsequently be retransmitted from the target resonator to the
source resonator 401.

The scanning unit 410 scans an amount of energy stored in
the source resonator 401 per sample. A sample is a unit of
energy supplied from a power source to the source resonator
401, and corresponds to a period between one energy supply
to the source resonator 101 and a next energy supply to the
source resonator 401. Each sample has a predetermined
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period. For example, a first sample corresponds to a period
between a first energy supply to the source resonator 401 and
a second energy supply to the source resonator 401, a second
sample corresponds to a period between the second energy
supply to the source resonator 401 and a third energy supply
to the source resonator 401, and so forth.

A length of a sample corresponds to a duration of the
sample, that is, to a value obtained by adding an operating
cycle of areceiving end switch, that is, SWy,, of FIG. 3, to an
integer multiple of a sample unit time. The sample length may
be expressed by the following Equation 5.

®

In Equation 5, Ts,,,;, denotes a sample length, Ty,
denotes an operating cycle of SWy,, of FIG. 3, T denotes a
sample unit time, and ‘s’ denotes an integer greater than “0’.
The sample unit time corresponds to a smallest unit of time
taken to process a signal in a sample.

The number of samples corresponds to the number of
samples taken to estimate an amount of energy induced in the
wireless energy reception apparatus from the wireless energy
reception apparatus. A value obtained by dividing an operat-
ing cycle of SWy,, of FIG. 3 by an integer multiple of a
sample unit time is determined to be the number of samples.
The number of samples and a maximum number of samples
may be expressed by the following Equations 6 and 7.

Tsampre=TrxtsTc

N = Irx ©
~ sTe
Trx O]
Nuax = Tc

In Equation 6, N denotes the number of samples. In Equa-
tion 7, N,,, denotes a maximum number of samples
obtained when ‘s’ is equal to 1. Since the number of samples
used in estimating an amount of induced energy is a maxi-
mum at N,,,, the amount of induced energy may be esti-
mated more accurately if the number of samples is N, -

The scanning unit 410 scans an amount of energy stored in
the source resonator 401 for a scanning period corresponding
to a product of the sample length T and the number of
samples N or N, ., +.

The number of samples increases with an increase in
energy scanning time ‘t’ starting from t=0. As a sample num-
ber N increases, a turn-on time of SWy, of FIG. 3 moves up
by an integer multiple of a sample unit time sT - earlier than a
start time of a previous sample.

The scanning unit 410 scans an amount of energy stored in
the source resonator 401 per sample at a time moved up by an
integer multiple of a sample unit time sT.

The induced energy estimating unit 420 calculates a total
amount of energy stored in the source resonator 401 and the
target resonator during an off-resonant interval between the
source resonator 401 and the target resonator based on the
amount of energy scanned. The induced energy estimating
unit 420 estimates an amount of energy induced in the target
resonator based on the amount of energy stored in the source
resonator 401 and the total amount of energy calculated.

The induced energy estimating unit 420 includes a trans-
mitting end energy calculating unit 421, a total energy calcu-
lating unit 423, and a receiving end energy estimating unit
425.

The transmitting end energy calculating unit 421 calculates
an amount of energy stored in the source resonator 401 per
sample unit time of each sample based on the amount of

Sample
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energy scanned. SWy, of FIG. 3 is turned on at different
times in each sample, and accordingly off-resonance occurs
at different intervals in each sample.

The total energy calculating unit 423 calculates, during an
off-resonant interval, a greatest amount of energy among the
amounts of energy calculated per sample, and determines the
greatest amount of energy to be a total amount of energy
stored in the source resonator 401 and the target resonator at
apredetermined time. Since off-resonance occurs at different
intervals in each sample, the greatest amount of energy is
determined to be a total amount of energy per sample unit
time.

The receiving end energy estimating unit 425 may esti-
mate, in each sample, to be an amount of energy induced in
the target resonator, an amount of energy having a greatest
difference between the total amount of energy calculated by
the total energy calculating unit 423 and the amount of energy
stored in the source resonator 401, calculated by the trans-
mitting end energy calculating unit 421.

An amount of energy induced in the receiving end, in
particular, in the target resonator, at a predetermined time is
calculated as a difference between a total amount of energy
stored in the source resonator 401 and the target resonator at
the predetermined time and an amount of energy stored in the
source resonator 401 at the predetermined time. When off-
resonance occurs at a predetermined time, a total amount of
energy stored in the source resonator 401 and the target reso-
nator at the predetermined time is equal to an amount of
energy stored in the source resonator 401 at the predeter-
mined time. Accordingly, during an off-resonant interval, a
total amount of energy may be calculated by calculating an
amount of energy stored in the source resonator 401.

The control unit 430 determines whether a target resonator
receiving energy from the source resonator 401 is present
based on a distribution of an amount of induced energy esti-
mated per sample by the receiving end energy estimating unit
425. When the target resonator is present within a distance
allowing mutual resonance to occur between the source reso-
nator 401 and the target resonator, an amount of induced
energy estimated per sample is estimated to have a value other
than ‘0’. The amount of induced energy may be estimated as
shown in the distribution in graphs of FIGS. 15 and 16.

The control unit 430 determines whether the receiving end
switch, that is, SWyy, of FIG. 3 is active, based on a distri-
bution of an amount of induced energy estimated per sample
by the receiving end energy estimating unit 425. SWy,, of
FIG. 3 changes a resonant frequency of the target resonator by
connecting the target resonator to an impedance such as an
inductor or a capacitor.

When SWjy, of FIG. 3 is active, that is, when SWy,, is
turned on, off-resonance occurs and an estimated amount of
induced energy per sample has a maximum value and a mini-
mum value. That is, an amount of induced energy may be
estimated as shown in the distribution in the graph of FIG. 15.

When SW ., of FIG. 3 is inactive, that is, when SWy, is
turned off, continuous resonance occurs and an estimated
amount of induced energy per sample may continuously have
another value aside from a value of ‘0’. That is, an amount of
induced energy may be estimated as shown on the distribution
in the graph of FIG. 16.

When the receiving end switch, that is, SW ., of FIG. 3 is
inactive, the control unit 430 controls operation of a transmit-
ting end switch, that is, SW - of FIG. 3, based on an amount
of induced energy estimated per sample by the receiving end
energy estimating unit 425. The transmitting end switch elec-
trically connects the source resonator 401 to a power source
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supplying the source resonator 401 with energy and electri-
cally disconnects the source resonator 401 from the power
source.

The control unit 430 includes a measuring unit 431, a first
determining unit 433, and a second determining unit 435.

When SW;,, of FIG. 3 is determined to be active, the
measuring unit 431 measures an interval in which a maximum
amount of induced energy estimated per sample by the receiv-
ing end energy estimating unit 425 is maintained. The mea-
suring unit 431 may measure an interval in which a difference
between an amount of induced energy estimated per sample
and a maximum amount of induced energy is less than a
predetermined critical value.

The first determining unit 433 determines an operating
time of the transmitting end switch based on a last sample of
an interval in which a maximum amount of induced energy is
maintained and a length of the sample. A sample N, imme-
diately before the fall of an amount of induced energy after
maintaining a maximum value may correspond to a sample in
which operation of SWy,, of FIG. 3 is synchronized with
energy supply of a transmitting end, that is, a sample in which
a time of a maximum instantaneous energy transmission
amount from the source resonator 401 is exactly matched
with a turn-on time of SWy,,. An operating time and an
operating cycle of the transmitting end switch may be deter-
mined using the sample Ng,... The first determining unit 433
determines an operating time of the transmitting end switch
based on a time elapsed in Ng,,,.*Ts,,,,;. from a scan start
time of energy stored in the source resonator 401.

The second determining unit 435 determines an operating
cycle of the transmitting end switch to have the same value as
an operating cycle of the receiving end switch. The second
determining unit 435 may determine an operating cycle of the
transmitting end switch to have the same value as an operating
cycle of the receiving end switch based on a time elapsed in
Ny * Tsumpre from a scan start time of energy stored in the
source resonator 401. This assumes that the operating cycle of
the receiving end switch is already known at the transmitting
end.

The control unit 430 controls the transmitting end switch
before the operating time of the transmitting end switch deter-
mined by the first determining unit 433 to connect the source
resonator 401 to the power source. The control unit 430
controls the transmitting end switch at the operating time of
the transmitting end switch to disconnect the source resonator
401 from the power source. That is, the operating time of the
transmitting end switch corresponds to a turn-off time of
SW,., of FIG. 3.

When the receiving end switch is determined to be inactive,
the first determining unit 433 determines an operating time of
a first transmitting end switch to be an arbitrary sample start
time, and determines an operating cycle of the first transmit-
ting end switch to be a predetermined operating cycle. The
first transmitting end switch corresponds to SW ., of FIG. 3.

The second determining unit 435 determines a time when
the amount of energy scanned by the scanning unit 410 is a
minimum to be an operating time of a second transmitting end
switch of the source resonator 401. The second transmitting
end switch corresponds to SW .y, of FIG. 20. The second
determining unit 435 determines an earliest time the amount
of'energy scanned is a minimum to be an operating time of the
second transmitting end switch when there are a plurality of
times the amount of energy scanned is a minimum. The oper-
ating time of the second transmitting end switch corresponds
to a turn-on time of SW ., of FIG. 20. Off-resonance occurs
between the source resonator 401 and the target resonator at
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the operating time of the second transmitting end switch so
that energy stored in the target resonator is not transmitted to
the source resonator 401.

The control unit 430 controls the first transmitting end
switch before the operating time of the first transmitting end
switch determined by the first determining unit 433 to con-
nect the source resonator 401 to the power source. The control
unit430 controls, at the operating time of the first transmitting
end switch, the first transmitting end switch to disconnect the
source resonator 401 from the power source, and controls the
second transmitting end switch to disconnect the source reso-
nator 401 from an impedance changing the resonant fre-
quency. The control unit 430 controls the second transmitting
end switch at the operating time of the second transmitting
end switch determined by the second determining unit 435 to
connect the source resonator 401 to the impedance changing
the resonant frequency.

The scanning unit 410 scans an amount of energy stored in
the source resonator 401 in sample units. That is, the scanning
unit 410 scans an amount of energy stored in the source
resonator 401 per sample. The control unit 430 changes the
resonant frequency of the source resonator 401 when an
amount of energy scanned per sample reaches a predeter-
mined reference value. The predetermined reference value
may be a minimum amount among the amounts of energy
scanned per sample. For example, the predetermined refer-
ence value may be ‘0’. The predetermined reference value
may vary depending on a degree of scan precision of the
scanning unit 410, or may be changed by a user.

The control unit 430 changes the resonant frequency of the
source resonator 401 by connecting the source resonator 401
to an additional impedance indicated by ‘D’. As shown in
FIG. 20, the control unit 430 may connect the source resona-
tor 401 to the additional impedance by controlling an opera-
tion of a switch SW .

The control unit 430 changes the resonant frequency of the
source resonator 401 at an earliest time an amount of energy
scanned in one sample reaches a predetermined reference
value when there are a r plurality of times an amount of energy
scanned in one sample reaches a predetermined reference
value.

The control unit 430 may generally control the wireless
energy transmission apparatus and may perform functions of
the scanning unit 410 and the induced energy estimating unit
420. Although the example of FI1G. 4 shows the scanning unit
410, the induced energy estimating unit 420, and the control
unit 430 as separate components to distinguish each function,
a product may actually be implemented to allow the control
unit 430 to perform some or all of the functions of the scan-
ning unit 410 and the induced energy estimating unit 420.

FIG. 5 is a block diagram illustrating an example of a
wireless energy reception apparatus. Referring to FIG. 5, the
wireless energy reception apparatus includes a receiving unit
510 and a control unit 520.

The receiving unit 510 receives an amount of wireless
energy from a source resonator through mutual resonance
between the source resonator and a target resonator 501. That
is, an amount of energy is induced in the target resonator
through mutual resonance between the source resonator and
the target resonator 501.

The control unit 520 determines whether the source reso-
nator is present based on whether the receiving unit 510
receives an amount of wireless energy.

The control unit 520 controls operation of a first receiving
end switch and a second receiving end switch by determining
whether an amount of energy stored in a load is less than a
predetermined critical value. As an example, the load may
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include a battery. The predetermined critical value may cor-
respond to a minimum amount of energy necessary to operate
the first receiving end switch or the second receiving end
switch.

When the amount of energy stored in the load is greater
than the predetermined critical value, the control unit 520
controls, during an off-resonant interval, the first receiving
end switch to connect the target resonator 501 to an imped-
ance changing a resonant frequency of the target resonator
501, and controls the second receiving end switch to connect
the target resonator 501 to the load to transmit the amount of
energy stored in the target resonator 501 to the load. Also, the
control unit 520 controls, during a resonant interval, the first
receiving end switch to disconnect the target resonator 501
from the impedance changing the resonant frequency of the
target resonator 501, and controls the second receiving end
switch to disconnect the target resonator 501 from the load.
During the resonant interval, the amount of energy is stored in
the target resonator 501.

When the amount of energy stored in the load is less than or
equal to the predetermined critical value, the control unit 520
controls the first receiving end switch to disconnect the target
resonator 501 from the impedance changing the resonant
frequency of the target resonator 501, and controls the second
receiving end switch to connect the target resonator 501 to the
load to transmit the amount of energy stored in the target
resonator 501 to the load while continuously maintaining
mutual resonance with the source resonator.

The control unit 520 may generally control the wireless
energy reception apparatus and may perform a function ofthe
receiving unit 510. Although the example of FIG. 5 shows the
receiving unit 510 and the control unit 520 as separate com-
ponents to distinguish each function, a product may actually
be implemented to allow the control unit 520 to perform some
or all functions of the receiving unit 510.

FIG. 6 is a graph illustrating an example of an amount of
energy measured at a transmitting end and a receiving end of
a wireless energy transmission and reception system. The
wireless energy transmission and reception system includes a
transmitting end to transmit energy and a receiving end to
receive energy through mutual resonance. The transmitting
end may be referred to as TX and the receiving end may be
referred to as RX.

FIG. 6 illustrates an amount of energy stored in TX and RX
during mutual resonance in a state in which a source resonator
of TX is physically separated from a power source and a target
resonator of RX is physically separated from a load, imme-
diately after energy from a power source is supplied to TX.
The amount of energy transmitted from TX to RX through
mutual resonance may be repeatedly transmitted between TX
and RX in one sample.

In FIG. 6, the amount of energy stored in TX and RX is
represented by a normalized voltage on a y axis of the graph.
A normalized time on an X axis corresponds to a value
obtained by dividing an energy measuring time by a sample
unit time, and the sample unit time T corresponds to a small-
est unit of time taken to process a signal.

FIG. 7 is a graph illustrating an example of an amount of
energy stored in a receiving end of a wireless energy trans-
mission and reception system when off-resonance occurs at
the receiving end. FIG. 7 illustrates an amount of energy
remaining in RX that is not transmitted to TX when off-
resonance occurs due to SWy,, of FIG. 3 being turned on at
a time 710 during mutual resonance between TX and RX.

The amount of energy remaining in RX during an off-
resonant interval, that is, from the time 710 to a time 720, is
determined by an amount of energy induced in RX at the time
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710 when off-resonance occurs. Accordingly, to transmit a
maximum possible amount of energy from RX, SW,,, of
FIG. 3 needs to be turned on when an amount of energy
induced in RX is a maximum. In a case in which SWy,, of
FIG. 3 has a predetermined operating cycle of turn-on and
turn-off, a TX switch needs to be open when an amount of
energy induced in RX is a maximum. Accordingly, when a
time in which an amount of energy induced in RX is a maxi-
mum is estimated at TX, the TX switch may be synchronized
with the RX switch through control of the TX switch.

FIGS. 8A and 8B are graphs illustrating an example of a
time when an amount of energy stored in a receiving end of a
wireless energy transmission and reception system is a maxi-
mum during mutual resonance and an amount of energy
stored in a transmitting end at the corresponding time.

FIG. 8A illustrates a change in an amount of energy stored
in RX during mutual resonance between TX and RX, and
FIG. 8B illustrates a change in an amount of energy stored in
TX during mutual resonance between TX and RX.

In FIGS. 8A and 8B, since an amount of energy stored in
TX is not a minimum at a time when an amount of energy
stored in RX is a maximum, it is difficult to determine at TX
a time at which an amount of energy induced in RX is a
maximum.

The time inconsistency may be caused by a difference
between an energy attenuation rate at RX and an energy
transmission rate from TX to RX. That is, when the energy
attenuation rate at RX is higher than the energy transmission
rate from TX to RX, a time when an amount of energy
induced in RX is a maximum may be earlier than a moment
when energy is completely transmitted from TX to RX.

FIG. 9 is a graph illustrating an example of a total amount
of energy stored in a transmitting end and a receiving end of
a wireless energy transmission and reception system. Refer-
ring to FIG. 9, when mutual resonance occurs between TX
and RX as well as self-resonance of TX, a total amount of
energy stored in TX and RX may be uniformly reduced irre-
spective of a value of a mutual inductance M.

A total amount of energy stored in TX and RX at a prede-
termined time and an amount of energy induced from TX into
RX at the corresponding time may be estimated.

Accordingly, to estimate an amount of energy induced in
RX at a predetermined time, a total amount of energy stored
in TX and RX may be needed as well as an amount of energy
stored in TX at the corresponding time. However, the total
amount of energy stored in TX and RX may be obtained by
analyzing a signal of TX.

FIGS. 10A and 10B are graphs illustrating an example of
an amount of energy stored in a transmitting end and a receiv-
ing end of a wireless energy transmission and reception sys-
tem by operation of a switch of the receiving end.

An off-resonant interval ‘OR’ between TX and RX in FIG.
10A may be different from an off-resonant interval ‘OR’
between TX and RX in FIG. 10B. Off-resonance occurs when
SWyy, of FIG. 3 is turned on, and may not result in energy
exchange between TX and RX.

InFIG. 10A, SW, is turned off at 20 T, and is turned on
at 70 T.. That is, an interval between 20 T, and 70 T,
indicated by hatching corresponds to a resonant interval ‘R’,
and the remainder corresponds to an off-resonant interval
‘OR’.

Referring to FIG. 10A, when an amount of energy stored in
RXis ‘0’ during an off-resonant interval between 0 and 20 T .,
an amount of energy stored in TX equals a total amount of
energy stored in RX and TX.

In contrast to FIG. 10A, in FIG. 10B, SWy, is turned on at
20 T, and is turned off at 70 T .. That is, an interval between
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20T, and 70 T - corresponds to an off-resonant interval ‘OR’,
and the remainder corresponds to a resonant interval ‘R’.

In order to estimate, at TX, an amount of energy stored in
RX at a predetermined time, a total amount of energy at the
predetermined time is needed. Further, in order to estimate, at
TX, achange in a total amount of energy, it may be convenient
to measure a change in an amount of energy stored in TX
during self-resonance of TX, i.e., when mutual resonance
does not occur between TX and RX.

Also, when verification as to whether RX is present within
a distance from TX allowing mutual resonance is impossible,
a change in a total amount of energy may be verified by
analyzing a signal of TX. When a sample start time is
included in an off-resonant interval as shown in FIG. 10A, a
scanning time in one sample extends from the sample start
time to an initial end time of the off-resonant interval. When
the sample start time is included in the resonant interval as
shown in FIG. 10B, some amount of energy may be transmit-
ted from TX to RX during an interval from the sample start
time to the initial start time of the off-resonant interval, and
accordingly using only a signal of TX may be insufficient to
estimate a total amount of energy.

As aresonant duration becomes shorter in a sample, that is,
as an oft-resonant duration becomes longer in a sample, more
information about a total amount of energy may be obtained.
However, since a time at which an amount of energy stored in
RX is a maximum occurs during mutual resonance, an
amount of energy induced in RX may not be a maximum
when a resonant duration is too short.

In FIGS. 10A and 10B, a turn-on time and turn-off time of
SWyxy, of FIG. 3 are each 50% of a total operating cycle of
SWyxy. That is, SWy4, is turned on 50% of the time, and
turned off 50% of the time. In this case, a maximum interval
during which a total amount of energy may be estimated
extends from a sample start time to T,,/2. That is, when the
sample start time is included in the resonant interval, the
maximum interval may correspond to the off-resonant inter-
val.

As a result, a maximum amount of energy stored in TX,
scanned per sample unit time T, during an interval of
0<T<Tx,/2 in one sample, equals a total amount of energy at
each corresponding time shown in FIG. 9.

Also, since an off-resonant interval is not greater than
Tx+/2, there is no need to estimate, in an interval of T>T /2,
atotal amount of energy or a time when an amount of energy
stored in RX is a maximum.

FIG. 11 is a graph illustrating an example of an amount of
energy stored in a receiving end of a wireless energy trans-
mission and reception system for a sample duration of energy
transmitted from a transmitting end.

While SWj,, of FIG. 3 is turned on and off during a
predetermined operating cycle Ty, a source resonator is
periodically supplied with energy at TX, and TX scans an
amount of energy stored in the source resonator.

When a sample refers to a unit of energy supply from a
power source, a sample length may be defined as
Tsumpre=Trx*8T ¢, where ‘s’ denotes an integer greater than
‘0’, and T is defined as a smallest unit of time taken for a
wireless energy transmission apparatus to process a signal.
The number of samples increases with an increase in TX
signal scanning time ‘t’ starting from t=0. As a sample num-
ber N increases, an on time of SWy,, of FIG. 3 is moved up
by sT. from a sample start time, that is, an energy supply
time.

FIG. 11 illustrates an amount of energy stored in RX esti-
mated at TX, for example, when Tz,=100 T, sT~20 T,
and T =120 T.. When estimated at TX, an on time of

Sample
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zx1 of FIG. 3 is advanced by 20 T in a second sample
corresponding to an interval between 120 T, and 240 T,
compared to a first sample corresponding to an interval
between 0 T~ and 120 T .. In FIG. 11, scanning is performed
at a time earlier by 20 T, in each sample. Also, when the
number of samples is T ,/sT =5, scanning is performed dur-
ing five samples. Accordingly, when s=1, scanning may be
performed during the maximum number of samples
Norix=Tz/ T, sothatthe ontime of SWy,, of FIG. 3 may be
estimated more accurately.

FIGS. 12 through 14 are graphs illustrating an example of
an amount of energy induced in a wireless energy reception
apparatus, estimated at a wireless energy transmission appa-
ratus, for a duration of an arbitrary sample.

FIG. 12 illustrates an amount of energy induced in RX,
estimated at TX, in an arbitrary sample. Referring to FIG. 12,
amaximum amount 1210 of energy is induced in RX at 13 T,,.
The maximum amount 1210 corresponds to an instantaneous
maximum amount of energy transmission from TX in an
arbitrary sample. R denotes a resonant interval.

FIG. 13 illustrates a tenth sample based on the time of FIG.
12. Referring to FIG. 13, a maximum amount 1310 is induced
in RX at 13 T,..

FIG. 14 illustrates a twentieth sample based on the time of
FIG. 12. Referring to FIG. 14, a maximum amount 1410 is
induced in RX at 5 T,.. A difference between the maximum
amount 1310 in FIG. 13 and the maximum amount 1410 in
FIG. 14 is caused by an off-resonant interval being moved up
by T, per sample. As a resonant interval becomes longer, an
amount of energy induced in RX may increase. This is
because as an off-resonant interval becomes closer to a
sample start time, a resonant interval becomes shorter and
thus an amount of energy induced in RX decreases.

FIG. 15 is a graph illustrating an example of an amount of
energy induced in a wireless energy reception apparatus,
estimated at a wireless energy transmission apparatus, per
sample.

When a number of a sample scanned at TX is N
(0=sN<N,, ), a time in a sample is T (0<T<T,,,,;.), and an
amount of energy scanned at TX is E /1)
(0=t<N, /4" Ty mpie ) @ total amount ofenergy B, (T) at the
predetermined time T may be calculated using the following
Equations 8 and 9.

Esampte(T, N) = Egx (T + NTsampie 0 < T < Tsample, 0 < N < Npyax) (8

Erpa(T) = max

E, T,N)O=<T=<T, 2
0nTEX sampte(T> NYO < T < Tpy /2)

)

In the above equations, Tg,,,,.=Trx+Tc, and Ny =T g/
T.. While an amount of energy is being scanned at TX, a
maximum amount M,(N) of energy induced in RX per
sample may be calculated at TX using the following Equation
10.

Mgy (N) = max [Erorat(T) = Esampte (T, N)] (10)

My (N) denotes an instantaneous maximum amount of
energy transmission from TX to RX in an Nth sample.

FIG. 15 is a graph illustrating an estimated amount of
energy induced in RX when SW, of FIG. 3 is active during
mutual resonance between TX and RX.

An interval in which an amount of energy induced in a
target resonator is absorbed at RX through a battery corre-
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sponds to an interval in which SW ., of FIG. 3 is turned on,
and is indicated as a non-hatched interval as shown in FIGS.
12 through 14.

For a maximum amount of energy induced in RX, a turn-on
time of SWj, of FIG. 3 needs to be synchronized with a time
when an instantaneous amount of energy transmission from
TX to RX is a maximum. The maximum amount of energy
induced in RX may be uniformly maintained at 13 T, in
samples of FIGS. 12 and 13. However, since the turn-on time
of SWy, of FIG. 3 is moved up in a sample of FIG. 14, the
maximum amount of energy induced in RX is reduced.

Referring to FIG. 15, with the increasing sample number
N, a maximum amount My,{N) may be uniformly main-
tained during an interval X,,. In this interval, a sample imme-
diately before the fall of a maximum amount My (N) corre-
sponds to a sample N, . in which the turn-on time of SW
of FIG. 3 is synchronized with a time 1510 when an instan-
taneous energy transmission amount of TX is amaximum. An
operating time t ..., and an operating cycle T, of a TX
switch may be calculated based on the sample N syne Using the
following Equations 11-14.

an
max

Xy =4N
0=n=Nprax

(Mpx(n)) — Mgx(N) < mrhr}

Nepe =N st. Ne Xy, N+1eX$ (12)

7 _start = Nync T sampte + kTrx (k : integer) (13)

Trx = Trx 14

In Equation 12, “s.t.” is an abbreviation for ‘such that’, and
X,,< denotes the complement of X, The interval X, in which
the maximum amount My (n) is maintained may be calcu-
lated using the maximum amount M,(N) and a critical value
m,,,. Using the last sample N, in the interval X, a period
of time that has elapsed from a scan start time t=0 may be
calculated at TX.

When an operating cycle T, of TX equals an operating
cycle Ty of RX based on the time elapsed in Ng,,,.* T,z
from the scan start time, an energy supply time t; .., ina
subsequent sample may be synchronized with operation of
SWyy, of FIG. 3. The energy supply time t,y .., corre-
sponds to a turn-off time of SW ., of FIG. 3.

Referring to FIG. 15, N, =89, Tg,,,.=101 T., and
Txzx=100 T,. Since a time t, .., of energy supply to TX is
(8989+100 k) T~ from the above Equation 13, and a scan end
time is Ny.*Ts,,,,.=10100 T, a time of initial energy
supply to TX after synchronization corresponds to k=12, that
is, 10189 T .. Accordingly, in a synchronized state, an energy
supply time to TX corresponds to {10189 T, 10289 T,
10389 T, 10489 T,.. . . } based on a scan start time. Whether
SWy, is active may be determined at TX using a distribution
of the maximum amount M (N).

FIG. 16 is a graph illustrating an example of an amount of
energy induced in a wireless energy reception apparatus when
a switch of a receiving end of a wireless energy transmission
and reception system is inactive.

When SWy,, of FIG. 3 is inactive, i.e., turned off, during
mutual resonance between TX and RX, a maximum amount
My (N) may be uniformly maintained at a value greater than
0’ as shown in FIG. 16. Whether SW, is inactive may be
determined at TX using a distribution of the maximum
amount My (N).

When data communication is not performed and only
energy reception is performed at RX, SWy, of FIG. 3 may be
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turned off to continuously maintain mutual resonance, and
SWy,, of FIG. 3 may be turned on to allow a battery to
continuously receive energy.

When an amount of energy stored in the battery of RX is
insufficient for communication and when mutual resonance
between TX and RX initially starts, RX controls SW 4, to be
inactive.

When SWy,, does not operate, i.e., does not turn on, a
maximum amount of Mz;(N) does not change. Accordingly,
aoperating time t, .,,,,and an operating cycle T -of the TX
switch are determined to be an arbitrary sample start time and
apredetermined operating cycle without using the maximum
amount Mz(N). The arbitrary sample start time may be
expressed by the following Equation 15.

15

When SW, does not operate and mutual resonance con-
tinuously occurs, an amount of energy induced in RX may be
retransmitted to TX. Accordingly, to prevent energy from
being retransmitted to TX and maintain a maximum possible
amount of energy at RX, mutual resonance needs to be
stopped by changing a resonant frequency of the source reso-
nator at TX. The stopping of mutual resonance corresponds to
off-resonance.

FIG. 17 is a graph illustrating an example of an amount of
energy induced in a wireless energy reception apparatus when
mutual resonance fails to occur due to absence of a receiving
end of a wireless energy transmission and reception system.

When self-resonance of TX occurs due to absence of RX
within a distance allowing mutual resonance between RX and
TX, a maximum amount M (N) always has a value of ‘0’ as
shown in the graph of FIG. 17.

When a maximum amount My.(N) always has a value of
‘0’, TX determines that RX is absent. The maximum amount
My +(N) may be repeatedly measured at TX to find an RX
again after waiting for a predetermined period.

FIG. 18 is a graph illustrating an example of a change in
energy at a transmitting end of a wireless energy transmission
and reception system when off-resonance occurs due to a
switch of the transmitting end being turned on. That is, FIG.
18 illustrates a voltage change of TX when SW ., of FIG. 20
is turned on at a time 17 T - when an amount of energy stored
in TX is a minimum. The voltage change of TX may be
interpreted as an energy change. When SW -, of FIG. 20 is
turned on, a resonant frequency of a source resonator changes
and mutual resonance stops. That is, off-resonance occurs.

FIG. 19 is a graph illustrating an example of a change in
energy at a receiving end of a wireless energy transmission
and reception system when off-resonance occurs due to a
switch of a transmitting end being turned on. That is, FIG. 19
illustrates an amount of energy stored in RX when SW ., of
FIG. 20 is turned on at atime 17 T~ when an amount of energy
stored in TX is a minimum. When SWy, is turned on and a
target resonator is connected to a load, the load is continu-
ously supplied with energy from the target resonator, causing
the energy stored in the target resonator to decrease over time
as shown in FIG. 19.

FIG. 20 is a diagram illustrating another example of an
equivalent circuit of a wireless energy transmission and
reception system. Referring to FIG. 20, a switch SW ., and
an additional impedance 2030 are further provided in TX
compared to the equivalent circuit in FIG. 3. When a source
resonator 2010 is connected to the additional impedance 2030
through SW ;. a resonant frequency of the source resonator
2010 changes, and thus oft-resonance occurs between the
source resonator 2010 and a target resonator 2020. The addi-

trx siare—KT px(k:integer)
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tional impedance 2030 is shown as a device D, and the device
D may include an inductor component and/or a capacitor
component.

Attyy ore SW 18 turned off again and resonance reoc-
curs between TX and RX. Since an off-resonant time deter-
mined by SW,,, is determined to be a time at which an
amount of energy remaining in TX is negligible, an energy
transmission efficiency may be affected rather modestly.
Accordingly, acomponent or material used for SW ., and the
device D may be more freely selected than C; of RX. When
SW -, is in a turn-off state during operation of SWy,, the
wireless energy transmission and reception system has the
same structure as the RI system of FIG. 3.

An off-resonant time t,z ..., caused by turning SW .,
onneeds only one sample, and corresponds to a time at which
an amount of energy E - stored in TX is a minimum during
mutual resonance.

During mutual resonance, an amount of energy stored in
TX may be ‘0’ a plurality of times, and in this case, an earliest
time is determined to be an off-resonant time as expressed by
the following Equation 16.

Loff resonant = mrln( argmin 16)

Erx (D)
Ty <t<(c+ DTy

Aside from a case in which an amount of energy stored in
TX continues to be reduced for one cycle T, and becomes
‘0’, energy supply may be directly performed without off-
resonance occurring. In this case, SW -, may be maintained
in an off state.

FIG. 21 is a flowchart illustrating an example of a wireless
energy transmission method. In 2105, the wireless energy
transmission apparatus determines the number of samples
and a sample length. The sample length, the number of
samples, and the maximum number of samples may be
expressed by the following Equations 17-19.

Tsompte = Trx +5T¢ amn

= I 18

~ st

Trx (19

Nuax = Te

In Equations 17-19, Ty, denotes an operating cycle of a
receiving end switch, T . denotes a sample unit time, and ‘s’
denotes an integer greater than ‘0’.

In 2110, the wireless energy transmission apparatus scans
anamount of energy stored in TX. That is, the wireless energy
transmission apparatus scans an amount of energy E (1)
stored in a source resonator for a scanning period (0
t=t<Nj 1" Tsumpre) cOrresponding to a predetermined num-
ber of samples each having a sample length.

In 2115, the wireless energy transmission apparatus calcu-
lates an amount of energy stored in the source resonator 401
per sample unit time of each sample based on the amount of
scanned energy using the following Equation 20.

Esrptel ENFE pl T+N T 50) 0= T< T g5

0=N<Niger) (20)

The wireless energy transmission apparatus calculates,
during an off-resonant interval, a greatest amount of energy
among the amounts of energy calculated per sample using the
following Equation 21, and determines the greatest amount of
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energy to be a total amount of energy stored in the source
resonator and the target resonator at a predetermined time.

Erpa(T)= max

E, T,N)O0=T=<T, 2
0o DEX Sampte(T> NYO < T < Ty /2)

@D

The wireless energy transmission apparatus calculates, in
each sample, an amount of energy having a greatest differ-
ence between the total amount of energy and the amount of
energy stored in the source resonator using the following
Equation 22, and estimates the calculated amount of energy to
be an amount of energy induced in the target resonator.

Mpx(N) = max [Erorat(T) = Esampte (T, N)] 22)

In 2120, the wireless energy transmission apparatus deter-
mines whether a wireless energy reception apparatus is
present. The wireless energy reception apparatus corresponds
to RX of a wireless energy transmission and reception sys-
tem. The wireless energy transmission apparatus determines
whether the wireless energy reception apparatus is present
based on whether a maximum amount My {N) continuously
maintains a value of ‘0’.

In 2125, when the wireless energy reception apparatus is
determined to be absent, the wireless energy transmission
apparatus waits for a predetermined period before performing
another scan.

In 2130, when the wireless energy reception apparatus is
determined to be present, the wireless energy transmission
apparatus determines whether a switch SW - of the wireless
energy reception apparatus is active. The wireless energy
transmission apparatus determines whether the switch SWp -
of the wireless energy reception apparatus is active based on
whether a maximum amount My (N) continuously has a
value other than ‘0’.

In 2135, when the switch SW . is determined to be active,
the wireless energy transmission apparatus measures an inter-
val in which a maximum amount of induced energy estimated
per sample is maintained using the following Equation 23.

@23
max

Xy =4N
v { 0=n=Npq

. (Mpx(n)) — Mgx(N) < mrhr}

The wireless energy transmission apparatus determines an
operating time of a transmitting end switch SW ., basedon a
last sample and a length of the sample in the interval in which
a maximum amount of energy is maintained. The last sample
and the operating time of SW,y, may be expressed by the
following Equations 24 and 25.

Nigyne=Ns.t.NeXp, N+1eXy© (24)

115 stare= N synel sampreth L px(k:integer) (25)

The wireless energy transmission apparatus determines an
operating cycle of the transmitting end switch SW ., to have
the same value as an operating cycle of a receiving end switch
SWyy

In 2140, when the switch SW, - is determined to be inac-
tive, the wireless energy transmission apparatus determines
the operating time tyy ., of the transmitting end switch
SW ,, tobe anarbitrary sample start time using the following
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Equation 26, and determines the operating cycle of the trans-
mitting end switch SW ., to be a predetermined operating
cycle.

11x_seare=k I rx(k:integer) (26)

The wireless energy transmission apparatus determines the
operating time t,; .. 0., Of the transmitting end switch
SW /-, to be a time at which an amount of energy scanned is
a minimum using the following Equations 27 and 28.

ITX_min =  argmin  Erx(1) 27
KTy st<(ct DTy
Ioff resonant = ITX_min (28)

When there are a plurality of instances at which an amount
of energy scanned is a minimum, the wireless energy trans-
mission apparatus determines an earliest time to be the oper-
ating time of the transmitting end switch SW ., using the
following Equation 29.

Loff resonant = (27X _min) (29)

min
KTrx St7X_min<U+DTTx

In 2145, the wireless energy transmission apparatus turns
on the transmitting end switch SW ., at a time At earlier than
the operating time try ..., of the transmitting end switch
SW,,, to connect a source resonator (o a power source to
supply the source resonator with energy. At may be much less
than a sample unit time T so that a signal processing is not
affected. The wireless energy transmission apparatus turns
off the transmitting end switch SW,, at the operating time
tryv srare 1O start mutual resonance. The transmitting end
switch SW ;.. is maintained in an off state.

In 2150, the wireless energy transmission apparatus turns
on the transmitting end switch SW ., at atime At earlier than
the operating time try ..., of the transmitting end switch
SW ., to connect the source resonator to the power source to
supply the source resonator with energy. At may be much less
than a sample unit time T, so that a signal processing is not
affected. The wireless energy transmission apparatus turns
off the transmitting end switch SW,, at the operating time
trx srare OF the transmitting end switch SW .y, to start mutual
resonance. The wireless energy transmission apparatus turns
on the transmitting end switch SW ., at the operating time
tog resonane OF the transmitting end switch SW .., to start off-
resonance, and turns off the transmitting end switch SW .., at
the operating time tyy ., of the transmitting end switch
SW 4, to start mutual resonance.

FIG. 22 is a flowchart illustrating an example of a wireless
energy reception method. In 2210, the wireless energy recep-
tion apparatus determines whether a wireless energy trans-
mission apparatus is present based on whether an amount of
energy is stored in a target resonator.

In 2220, when the wireless energy transmission apparatus
is determined to be absent, the wireless energy reception
apparatus waits for a predetermined period. After the wireless
energy reception apparatus waits for a predetermined period,
the wireless energy reception apparatus repeats operation
2210.

In 2230, when the wireless energy transmission apparatus
capable of mutual resonance is determined to be present, the
wireless energy reception apparatus determines whether a
charging amount of a battery in the wireless energy reception
apparatus is greater than a critical value.
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In 2240, when the charging amount of the battery is deter-
mined to be greater than the critical value, the wireless energy
reception apparatus turns on SWyy, in an off-resonant inter-
val of (0=t<T,/2) to connect a target resonator to an imped-
ance changing a resonant frequency of the target resonator,
and turns on SWy,, to connect the target resonator to the
battery. In this case, 50% of acycle of SWy, is a turn-on time
and the other 50% is a turn-off time.

In a resonant interval of T, /2<t<T,,, the wireless energy
reception apparatus turns off SW ., to disconnect the target
resonator from the impedance changing the resonant fre-
quency of the target resonator, and turns oft SWy ;- to discon-
nect the target resonator from the battery.

In 2250, when the charging amount of the battery is deter-
mined to be not greater than the critical value, the wireless
energy reception apparatus turns off SWy ., to disconnect the
target resonator from the impedance changing the resonant
frequency of the target resonator, and turns on SWyy, to
connect the target resonator to the battery to enable an amount
of'energy stored in the target resonator to be transmitted to the
battery through continuous mutual resonance with a source
resonator.

According to the examples described above, the operations
necessary for synchronization between a transmitting end
transmitting wireless energy and a receiving end receiving
wireless energy may be processed at the transmitting end, so
that energy consumed at the receiving end for synchroniza-
tion may be saved.

According to the examples described above, the synchro-
nization necessary for transmission and reception of energy
and data between a transmitting end and a receiving end may
be processed at the transmitting end, so that a control opera-
tion of the receiving end may be eased and a complex circuit
of the receiving end may be simplified.

The switch unit 130, the switch unit 160, the control unit
220, the control unit 250, the scanning unit 410, the induced
energy estimating unit 420, the transmitting end energy cal-
culating unit 421, the total energy calculating unit 423, the
receiving end energy estimating unit 425, the control unit
430, the measuring unit 431, the first determining unit 433,
the second determining unit 435, the receiving unit 510, and
the control unit 520 described above may be implemented
using one or more hardware components, one or more soft-
ware components, or a combination of one or more hardware
components and one or more software components.

A hardware component may be, for example, a physical
device that physically performs one or more operations, but is
not limited thereto. Examples of hardware components
include resistors, capacitors, inductors, power supplies, fre-
quency generators, operational amplifiers, power amplifiers,
low-pass filters, high-pass filters, band-pass filters, analog-
to-digital converters, digital-to-analog converters, and pro-
cessing devices.

A software component may be implemented, for example,
by a processing device controlled by software or instructions
to perform one or more operations, but is not limited thereto.
A computer, controller, or other control device may cause the
processing device to run the software or execute the instruc-
tions. One software component may be implemented by one
processing device, or two or more software components may
be implemented by one processing device, or one software
component may be implemented by two or more processing
devices, or two or more software components may be imple-
mented by two or more processing devices.

A processing device may be implemented using one or
more general-purpose or special-purpose computers, such as,
for example, a processor, a controller and an arithmetic logic
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unit, a digital signal processor, a microcomputer, a field-
programmable array, a programmable logic unit, a micropro-
cessor, or any other device capable of running software or
executing instructions. The processing device may run an
operating system (OS), and may run one or more software
applications that operate under the OS. The processing device
may access, store, manipulate, process, and create data when
running the software or executing the instructions. For sim-
plicity, the singular term “processing device” may be used in
the description, but one of ordinary skill in the art will appre-
ciate that a processing device may include multiple process-
ing elements and multiple types of processing elements. For
example, a processing device may include one or more pro-
cessors, or one or more processors and one or more control-
lers. In addition, different processing configurations are pos-
sible, such as parallel processors or multi-core processors.

A processing device configured to implement a software
component to perform an operation A may include a proces-
sor programmed to run software or execute instructions to
control the processor to perform operation A. In addition, a
processing device configured to implement a software com-
ponent to perform an operation A, an operation B, and an
operation C may have various configurations, such as, for
example, a processor configured to implement a software
component to perform operations A, B, and C; a first proces-
sor configured to implement a software component to per-
form operation A, and a second processor configured to
implement a software component to perform operations B
and C; a first processor configured to implement a software
component to perform operations A and B, and a second
processor configured to implement a software component to
perform operation C; a first processor configured to imple-
ment a software component to perform operation A, a second
processor configured to implement a software component to
perform operation B, and a third processor configured to
implement a software component to perform operation C; a
first processor configured to implement a software compo-
nent to perform operations A, B, and C, and a second proces-
sor configured to implement a software component to per-
form operations A, B, and C, or any other configuration of one
or more processors each implementing one or more of opera-
tions A, B, and C. Although these examples refer to three
operations A, B, C, the number of operations that may imple-
mented is not limited to three, but may be any number of
operations required to achieve a desired result or perform a
desired task.

Software or instructions for controlling a processing
device to implement a software component may include a
computer program, a piece of code, an instruction, or some
combination thereof, for independently or collectively
instructing or configuring the processing device to perform
one or more desired operations. The software or instructions
may include machine code that may be directly executed by
the processing device, such as machine code produced by a
compiler, and/or higher-level code that may be executed by
the processing device using an interpreter. The software or
instructions and any associated data, data files, and data struc-
tures may be embodied permanently or temporarily in any
type of machine, component, physical or virtual equipment,
computer storage medium or device, or a propagated signal
wave capable of providing instructions or data to or being
interpreted by the processing device. The software or instruc-
tions and any associated data, data files, and data structures
also may be distributed over network-coupled computer sys-
tems so that the software or instructions and any associated
data, data files, and data structures are stored and executed in
a distributed fashion.
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For example, the software or instructions and any associ-
ated data, data files, and data structures may be recorded,
stored, or fixed in one or more non-transitory computer-read-
able storage media. A non-transitory computer-readable stor-
age medium may be any data storage device that is capable of
storing the software or instructions and any associated data,
data files, and data structures so that they can be read by a
computer system or processing device. Examples of a non-
transitory computer-readable storage medium include read-
only memory (ROM), random-access memory (RAM), flash
memory, CD-ROMs, CD-Rs, CD+Rs, CD-RWs, CD+RWs,
DVD-ROMs, DVD-Rs, DVD+Rs, DVD-RWs, DVD+RWs,
DVD-RAMs, BD-ROMs, BD-Rs, BD-R LTHs, BD-REs,
magnetic tapes, floppy disks, magneto-optical data storage
devices, optical data storage devices, hard disks, solid-state
disks, or any other non-transitory computer-readable storage
medium known to one of ordinary skill in the art.

Functional programs, codes, and code segments for imple-
menting the examples disclosed herein can be easily con-
structed by a programmer skilled in the art to which the
examples pertain based on the drawings and their correspond-
ing descriptions as provided herein.

While this disclosure includes specific examples, it will be
apparent to one of ordinary skill in the art that various changes
in form and details may be made in these examples without
departing from the spirit and scope of the claims and their
equivalents. The examples described herein are to be consid-
ered in a descriptive sense only, and not for purposes of
limitation. Descriptions of features or aspects in each
example are to be considered as being applicable to similar
features or aspects in other examples. Suitable results may be
achieved if the described techniques are performed in a dif-
ferent order, and/or if components in a described system,
architecture, device, or circuit are combined in a different
manner and/or replaced or supplemented by other compo-
nents or their equivalents. Therefore, the scope of the disclo-
sure is defined not by the detailed description, but by the
claims and their equivalents, and all variations within the
scope of the claims and their equivalents are to be construed
as being included in the disclosure.

What is claimed is:

1. A wireless energy transmission apparatus for wirelessly
transmitting energy through resonance between a source
resonator and a target resonator, the apparatus comprising:

a scanning unit configured to scan an amount of energy

stored in the source resonator for a scanning period; and

an induced energy estimating unit configured to calculate a
total amount of energy stored in the source resonator and
the target resonator during an off-resonant interval
between the source resonator and the target resonator
based on the amount of energy scanned by the scanning
unit, and estimate an amount of energy induced in the
target resonator based on the amount of energy stored in
the source resonator and the total amount of energy
calculated.

2. The apparatus of claim 1, wherein the resonance
between the source resonator and the target resonator is
mutual resonance between the source resonator and the target
resonator.

3. The apparatus of claim 1, wherein the scanning period
corresponds to a number of samples and a sample length.

4. The apparatus of claim 3, wherein the induced energy
estimating unit comprises:

a transmitting end energy calculating unit configured to
calculate the amount of energy stored in the source reso-
nator per sample unit time for each of the samples based
on the amount of energy scanned;
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a total energy calculating unit configured to calculate a
greatest amount of energy among the amounts of energy
calculated for each of the samples in the off-resonant
interval, and determine the greatest amount of energy to
be atotal amount of energy stored in the source resonator
and the target resonator at a predetermined time; and

a receiving end energy estimating unit configured to esti-
mate, for each of the samples, an amount of energy
having a greatest difference between the total amount of
energy calculated by the total energy calculating unit
and the amount of energy stored in the source resonator
calculated by the transmitting end energy calculating
unit to be the amount of energy induced in the target
resonator.

5. The apparatus of claim 4, further comprising a control
unit configured to determine whether the target resonator is
present and receiving energy from the source resonator based
on a distribution of the amount of induced energy estimated
for each of the samples by the receiving end energy estimating
unit.

6. The apparatus of claim 5, wherein the control unit is
further configured to determine whether a first receiving end
switch configured to change a resonant frequency of'the target
resonator is active based on the distribution of the amount of
induced energy estimated for each of the samples by the
receiving end energy estimating unit.

7. The apparatus of claim 6, wherein the control unit is
further configured to control operation of a first transmitting
end switch to connect the source resonator to a power source
configured to supply the source resonator with energy based
on the amount of induced energy estimated for each of the
samples by the receiving end energy estimating unit.

8. The apparatus of claim 7, wherein the control unit com-
prises:

a measuring unit configured to measure an interval in
which a maximum amount of induced energy estimated
for each of the samples by the receiving end energy
estimating unit is maintained when the first receiving
end switch is determined to be active;

a first determining unit configured to determine an operat-
ing time of the first transmitting end switch based on a
last sample in the interval in which the maximum
amount of induced energy is maintained and the sample
length; and

a second determining unit configured to determine an oper-
ating cycle of the first transmitting end switch to have a
same value as an operating cycle of the first receiving
end switch.

9. The apparatus of claim 8, wherein the control unit is

further configured to:

control the first transmitting end switch to connect the
source resonator to the power source before the operat-
ing time of the first transmitting end switch determined
by the first determining unit; and

control the first transmitting end switch to disconnect the
source resonator from the power source at the operating
time of the first transmitting end switch.

10. The apparatus of claim 7, wherein the control unit
comprises a first determining unit configured to determine an
operating time of the first transmitting end switch to be an
arbitrary sample start time, and an operating cycle of the first
transmitting end switch to be a predetermined operating
cycle, when the first receiving end switch is determined to be
inactive.

11. The apparatus of claim 10, wherein the control unit
further comprises a second determining unit configured to
determine a time when the amount of energy scanned by the
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scanning unit is a minimum to be an operating time of a
second transmitting end switch configured to change a reso-
nant frequency of the source resonator.

12. The apparatus of claim 11, wherein the second deter-
mining unit is further configured to determine an earliest time
the amount of energy scanned is a minimum to be the oper-
ating time of the second transmitting end switch when there
are a plurality of times the amount of energy scanned is a
minimum.

13. The apparatus of claim 11, wherein the control unit is
further configured to:

control the first transmitting end switch to connect the

source resonator to the power source before the operat-
ing time of the first transmitting end switch determined
by the first determining unit;

control the first transmitting end switch to disconnect the

source resonator from the power source at the operating
time of the first transmitting end switch;

control the second transmitting end switch to disconnect

the source resonator from an impedance configured to
change the resonant frequency of the source resonator at
the operating time of the first transmitting end switch;
and

control the second transmitting end switch to connect the

source resonator to the impedance configured to change
the resonant frequency of the source resonator at the
operating time of the second transmitting end switch
determined by the second determining unit.

14. The apparatus of claim 3, wherein a value obtained by
adding an operating cycle of a first receiving end switch
configured to change a resonant frequency of the target reso-
nator to an integer multiple of a sample unit time is deter-
mined to be the sample length; and

avalue obtained by dividing the operating cycle of the first

receiving end switch by the integer multiple of the
sample unit time is determined to be the number of
samples.

15. A wireless energy transmission apparatus comprising a
source resonator configured to wirelessly transmit energy to
and receive energy from a target resonator through resonance
between the source resonator and the target resonator, the
apparatus comprising:

a scanning unit configured to scan an amount of energy

stored in the source resonator for a scanning period; and

a control unit configured to change a resonant frequency of

the source resonator at a time when the amount of energy
scanned reaches a predetermined reference value.

16. The apparatus of claim 15, wherein the resonance
between the source resonator and the target resonator is
mutual resonance between the source resonator and the target
resonator.

17. The apparatus of claim 15, wherein the scanning period
corresponds to a number of samples;

the scanning unit is further configured to scan the amount

of energy stored in the source resonator for each of the
samples; and

the control unit is further configured to change a resonant

frequency of the source resonator at a time when the
amount of energy scanned for each of the samples
reaches a predetermined reference value.

18. The apparatus of claim 17, wherein the control unit is
further configured to change the resonant frequency of the
source resonator at an earliest time the amount of energy
scanned reaches the predetermined reference value when the
amount of energy scanned reaches the predetermined refer-
ence value a plurality of times in one sample.
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19. A wireless energy reception apparatus comprising:

a receiving unit configured to receive wireless energy from
a source resonator through resonance between the
source resonator and a target resonator; and
a control unit configured to determine whether the source
resonator is present based on whether the receiving unit
receives the wireless energy, and control operation of a
first receiving end switch and a second receiving end
switch by determining whether an amount of energy
stored in a load is less than a predetermined threshold.
20. The apparatus of claim 19, wherein the resonance
between the source resonator and the target resonator is
mutual resonance between the source resonator and the target
resonator.
21. The apparatus of claim 19, wherein when the amount of
energy stored in the load is greater than the predetermined
threshold, the control unit is further configured to:
control, during an off-resonant interval, the first receiving
end switch to connect the target resonator to an imped-
ance configured to change a resonant frequency of the
target resonator, and control the second receiving end
switch to connect the target resonator to the load; and

control, during a resonant interval, the first receiving end
switch to disconnect the target resonator from the
impedance configured to change the resonant frequency
of the target resonator, and control the second receiving
end switch to disconnect the target resonator from the
load.

22. The apparatus of claim 19, wherein when the amount of
energy stored in the load is less than or equal to the predeter-
mined threshold, the control unit is further configured to
control the first receiving end switch to disconnect the target
resonator from the impedance configured to change the reso-
nant frequency of the target resonator, and control the second
receiving end switch to connect the target resonator to the
load.

23. A wireless energy transmission method for wirelessly
transmitting energy through resonance between a source
resonator and a target resonator, the method comprising:

scanning an amount of energy stored in the source resona-

tor for a scanning period;

calculating a total amount of energy stored in the source

resonator and the target resonator during an off-resonant
interval between the source resonator and the target
resonator based on the amount of energy scanned; and
estimating an amount of energy induced in the target reso-
nator based on the amount of energy stored in the source
resonator and the total amount of energy calculated.

24. The method of claim 23, wherein the resonance
between the source resonator and the target resonator is
mutual resonance between the source resonator and the target
resonator.

25. The method of claim 23, wherein the scanning period
corresponds to a number of samples and a sample length.

26. The method of claim 25, wherein the estimating of the
amount of energy comprises:

calculating the amount of energy stored in the source reso-

nator per sample unit time for each of the samples based
on the amount of energy scanned;

calculating a greatest amount of energy among the

amounts of energy calculated for the samples in the
off-resonant interval;

determining the greatest amount of energy to be a total

amount of energy stored in the source resonator and the
target resonator at a predetermined time; and
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estimating, for each of the samples, an amount of energy
having a greatest difference between the total amount of
energy calculated and the amount of energy stored in the
source resonator to be an amount of energy induced in
the target resonator.

27. A wireless energy transmission apparatus for wire-
lessly transmitting energy through resonance between a
source resonator and a target resonator, the apparatus com-
prising:

an induced energy estimating unit configured to estimate

an amount of energy induced in the target resonator
during the resonance between the source resonator and
the target resonator; and

a control unit configured to synchronize an operation of a
transmitting end switch configured to connect the source
resonator to a power source configured to supply power
to the source resonator with an operation of a receiving
end switch configured to connect the target resonator to
aload based on the estimated amount of energy induced
in the target resonator.
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28. The apparatus of claim 27, wherein the resonance
between the source resonator and the target resonator is
mutual resonance between the source resonator and the target
resonator.
29. The apparatus of claim 27, wherein the control unit is
further configured to:
determine an interval in which the estimated amount of
energy induced in the target resonator is a maximum;

determine an operating time of the transmitting end switch
based on an elapsed time between a start time of the
determining of the interval and an end of the interval;
and

determine a length of an operating cycle of the transmitting

end switch to be equal to a length of an operating cycle
of the receiving end switch.

30. The apparatus of claim 27, wherein the control unit is
further configured to synchronize the operation of the trans-
mitting end switch with an operation of a receiving end switch
configured to change a resonant frequency of the target reso-
nator based on the estimated amount of energy induced in the
target resonator.



